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ABSTRACT

This technical memorandum documents a study performed under Task Assign-
ment 584, Tracker Calibration, to evaluate errors incurred when a user space-
craft is tracked using differenced one-way Doppler measurements via the
Tracking and Data Relay Satellite System (TDRSS). The document describes
the modeling used and the results obtained for a variety of circular user orbits.
An error analysis of the bilateration tracking of the TDRSS relay satellites

using ground transponders is also described.
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SECTION 1 - INTRODUCTION

The Tracking and Data Relay Satellite System (TDRSS) will permit tracking data
to be processed in configurations not available from ground tracking or from
satellite-to-satellite tracking (SST) with a single relay satellite. One of the
experimental TDRSS methods involves the use of the Doppler difference meas-
urement, which is computed as the difference between simultaneous SST one-way
Doppler measurements taken via the two cperational relay satellites. Although
this mode of processing will be possible only during the intervals when the target
spacecraft is visible from both relay satellites, it has the advantage of minimiz-
ing the effects of errors in the assumed frequency of the oscillator aboard the

target spacecraft.

Since some of the information present in the two individual Doppler measurements
is lost when only the difference is used, estimates are required of the accuracy
with which target satellite orbits of various types can be determined using the
Doppler difference data only. This document reports the results of a study under-
taken to provide Doppler difference error analyses for a number of orbital con-

figurations and tracking schedules.
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SECTION 2 - METHODS USED IN THE ANALYSIS

2.1 SOFTWARE

The error analysis runs were performed using a slightly streamlined version of
the method described in Section 4.3 of Reference 1. The Navigation Analysis
Program (NAP) was used to simulate the Doppler data separately for each relay
satellite, generating internal files of measurements and partial derivatives.
These files were then processed by a standalone Doppler Difference (DOPDIF)
Program to produce a similarly formatted file of Doppler difference measure-
ments and partial derivatives; this file was read by NAP to generate the normal
matrix of solve-for and consider parameters. The normal matrix was then ana-
lyzed and propagated by the NAP Covariance Analyzer (NAPCOV). In addition,
standard NAP and NAPCOV runs were used to analyze the bilateration tracking

of the TDRSS relay satellites using ground transponders.
2.2 DOPPLER DIFFERENCE MEASUREMENT AND PARTIAL DERIVATIVES

This subsection summarizes the computations performed by the program DOPDIF
to generate the Doppler difference measurement and partial derivatives; also
given in the subsection are the approximate magnitudes of some of the quantities

involved in the computations.

The Doppler difference measurement, D, is computed by subtracting the one-
way SST Doppler measurement via TDRS West, Dyy, from the corresponding

one-way Doppler measurement via TDRS East, DE , .84,

-D

E W

The units for these measurements are in hertz, and their sign is positive for
target orbits of inclination less than 90 degrees, variable for polar or near-polar
orbits, and negative for orbits of inclination greater than 90 degrees. (See Tab-

les 3-5 through 3-14 given in Section 3 of this document for some typical values



obtained for the Doppler difference measurement.) Although not used in the
error analysis, the Doppler difference residuals are also computed as the dif-

ference between the individual one-way Doppler residuals,

AD=ADE-ADW

Partial derivatives with respect to the target state vector, drag coefficient,
station coordinates, and geopotential coefficients are also computed as differ-

ences between the corresponding single-relay partial derivatives, i.e.,

Partial derivatives with respect to the relay state vectors and solar pressure
coefficients are the individual Doppler partial derivatives with the appropriate

sign as follows:

3D _ 3DE
BXE aXE
D _ %Dy
Xy OXyy

Partial derivatives with respect to a bias in the target oscillator frequency, fO’
are computed using the fact that the Doppler difference measurement is always

proportional to fo, i.e.,

where k is a function of the satellite positions and velocities. Therefore,

oD D
2f, £o

o
1
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The partial derivative is the Doppler difference measurement value divided by

the S-Band oscillator frequencey, fO , which was assumed to be 2000 megahertz.

The bias produced in a Doppler difference measurement of 80 kilohertz by an

oscillator bias, Afo, of 1000 hertz can be computed as

AD = —a-BAfo - P-Afo = 80,000 1000 hertz = 0.04 hertz

9

This compares favorably with the bias of 1000 hertz produced in the individual

one-way Doppler measurements.

A rate change f_ in the oscillator frequency, fo, affects the Doppler difference

measurement as0 follows. The one-way signal path lengths from the target to
the relay to the ground are taken as RE via the eastern relay and as RW via
the western relay. Their signals received simultaneously on the ground at time
T will have been transmitted by the target oscillator at time T - RE/c and

T = RW/ ¢, respectively, where c is the speed of light. Since the signal via
TDRS East was transmitted at time (RW - RE)/c after the one via TDRS West,
the oscillator frequency via TDRS East will be greater than that via TDRS West

by the quantity

which will produce a bias of
Ry - REf

c 0

in the Doppler difference measurement. Hence, the partial derivative is given

by

Av]
J
w



For an equatorial target orbit at an altitude of 1000 kilometers, the value of

Ry - RE reaches a maximum of approximately 7500 kilometers, causing a
difference in transmission times of 0. 025 second. If the drift rate, %0’ is equal
to 10 hertz per second, this produces a bias in the peripheral measurement of
0.25 hertz. In order to compute this partial derivative, the range values RE
and Ry, are needed. Both range and Doppler measurements are simulated by
NAP; the range measurement is used by DOPDIF to compute this partial deriv-

ative and is then discarded.

2.3 GEOMETRY OF DOPPLER DIFFERENCE TRACKING

Figure 2-1 indicates the geometry applicable in the case of a high-inclination
target orbit. The shaded area represents the region within which a low-orbiting
user spacecraft is visible from both TDRS relay satellites, permitting Doppler
difference data to be taken. The size and shape of this area depend upon the
altitude of the user spacecraft, since for higher orbits the visible regions above
the poles widen considerably. (For user altitudes greater than 1600 kilometers,
there is also a large visible region behind the Earth; however, such altitudes
are beyond the scope of this study.) The dashed lines in Figure 2-1 which are
marked A and B represent the trajectories of a high-inclination user space-
craft on two passes separated by an interval of approximately 6 hours. It is
apparent that a high-inclination satellite will spend considerably more time in
the visible region on trajectory A than on trajectory B. The periods during
which Doppler difference data are available therefore oscillate between long and
short passes, with periods of 12 hours. Equatorial or low-inclination user or-
bits have short, uniform pass lengths; polar orbits have pairs of very long
passes separated by intervals of up to 9 hours, during which a high-altitude
user is visible only in the polar regions and a low altitude user is never visible

to both relays simultaneously.
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SECTION 3 - ANALYSES AND RESULTS

3.1 TRACKING OF THE RELAY SATELLITES

In order to obtain estimates of the accuracy with which the TDRSS relay satellites
will be tracked, one error analysis run was made for each of the two operational
relays. The Navigation Analysis Program (NAP) and its associated covariance
analyzer (NAPCOV) were used to perform the analysis. TDRS West was traci{ed
from White Sands, New Mexico, via ground transponders at White Sands and at
Madrid, Spain. TDRS East was also tracked from White Sands, but via ground
transponders at White Sands and Orroral Valley, Canberra, Australia. In each
case, the satellite was tracked for 24 hours, taking a 10-minute span of data
every 2 hours. Each 10-minute span comprised 5 minutes of tracking via the
White Sands transponder and 5 minutes via the remote ground transponder; there
was a 10-second interval between adjacent data points. Both range and Doppler

measurements were used.

The ground coordinates, data weights, and consider parameter uncertainties
used are listed in Table 3-1. Because of a programA problem, the gfound trans-
ponder geodetics could not be included as consider parameters; since the errors
arising from these parameters will be comparable to those arising from the
tracking station coordinates, which gave very small contributions to the overall

uncertainty, this omission is not considered serious.

The results of these analyses are summarized in Table 3-2. In each case, the
errors listed are the maximum values attained when the covariances were prop-
agated through the 24-hour data span. @t is apparent that although the radial and
along-track errors on the two relays are comparable, the cross-track uncertainty
is almost an order of magnitude smaller on TDRS West than on TDRS East. This
reflects the fact that the western relay is tracked via ground transponders on

both sides of the equator, while the transponders for TDRS East are both in the

northern hemisphere.
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Table 3-1. Data and Error Models for the Relay
Satellite Bilateration Tracking

(a) GROUND COORDINATES

Installation Latitude Longitude Height
Deg | Min| Sec | Deg|Min| Sec (meters)

White Sands* 32 | 28 [28.91| 253 | 37 |48.44 1189.1

Madrid 40 | 27 [16.52| 355 | 49 |43.30 793.2

Orroral Valley | -35 | 37 |52.85]| 148 | 57 |20.91 946.0

*The same coordinates were used for both the tracking station and
the ground transponder at White Sands.

(b) DATA

Weights:  Range--4.5 meters (one-way)
Doppler--0. 003 hertz (one-way)

Data Rate: 6 per minute for each measurement type

(c) CONSIDER PARAMETERS

Station Offset: +10 meters each direction

Range Bias: = 4.5 meters

Solar Reflectivity: =0.14 (assuming area/mass ratio = 0.02 m2/kg)
GM of Earth: £0.0001%

C(2, 0) *0.0007%

C(3, 0) £0.44%

C(4, 0) +1.8%

(d RELAY POSITIONS

TDRS East: 303.5 degrees east longitude;

degrees inclination
TDRS West: 183.5 degrees east longitude; 2 d

egrees inclination

[
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3.2 RELAY SATELLITE UNCERTAINTIES IN SST ERROR ANALYSES

In order to perform an error analysis of SST data in which the target or user
spacecraft state vector is solved for and uncertainties in the relay state vector
are considered, it is customary to specify an a priori covariance in the relay
satellite state vector at epoch. Since the NAPCOV Program (the error analysis
program used for these studies) assumes uncorrelated consider parameters, this
requires that the a priori covariance of the relay state vector be diagonal. How-
ever, if a diagonal relay satellite state vector covariance is propagated through
several hours, it undergoes considerable secular growth; consequently, if
values from Table 3-2 are entered on the diagonal of the epoch state covariance,
the uncertainties being considered at a data point some hours away from epoch
are much larger than the values entered, which were chosen to represent the

maximum uncertainty in the relay state vector at any point in the relay orbit.

One solution to this problem is to specify the full covariance matrix of the relay
satellite state vector at epoch, including the nonzero correlations between the
position and velocity components. This covariance will then propagate exactly
as it did in the error analysis with which it was computed, providing the actual

state vector uncertainty at every point in the data span.

When the error analysis software does not permit a priori correlations between
the consider parameters, an alternative approach is to enter reduced values in the
diagonal relay state vector covariance such that when propagated through the data
span the uncertainties remain within the maximum values obtained from the relay

tracking error analysis. This is the method used for the present study.

When a relay satellite state vector covariance was specified as diagonal in the
HLC coordinate system, it was found that the components at epoch which pro-
duced the secular growth pattern were the radial position and along-track velocity.
The other four components propagate into oscillatory patterns with stable ampli-
tudes in all six components. The radial position and along-track velocity uncer-

tainties at epoch were therefore set to zero and the magnitudes of the other
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components were adjusted to provide propagated uncertainties whose maxima
approximated the values in Table 3-2. For simplicity, the same uncertainties
were used on both relay satellites; the values at epoch and the maximum propa-
gated values are listed in HLC coordinates in Table 3-3. It follows that although
the consider parameters are nominally the relay state vector at epoch, associa-
tion of a solve-for uncerta.linty with any particular component of a relay uncertainty
at epoch will have little significance. The errors arising from each component
of a given relay state vector are therefore combined into a single parameter for

the purpose of tabulating an error budget.
3.3 DOPPLER DIFFERENCE ANALYSES PERFORMED

Error analysis runs were made using Doppler difference data for a number of
target altitudes and inclinations and for a variety of tracking schedules. The
target orbits used were approximately circular at altitudes of 300 kilometers

and 1000 kilometers and with inclinations of 0, 30, 60, 90, and 120 degrees. The

tracking schedules analyzed were the following:

1. From one to four consecutive passes, using all available data with

10-second intervals between data points

2. Three and four consecutive passes, using 5 minutes of data from the

center of each pass, with 10-second intervals between data points

3. Same configuration as in 2 above, but with 1-minute intervals between

data points

An exception to these configurations was necessary in the case of the target with
a 300-kilometer altitude and a 90-degree inclination, which was not visible for
more than two consecutive passes. The data weight and consider parameter un-

certainties used are given in Table 3-3.

Figure 3-1 shows the geometry of the satellite-to-satellite signal path. The tar-
get spacecraft was considered visible from a given TDRS providing that either:

(1) the angle « in Figure 3-1 was greater than 90 degrees or (2) the height h of



Table 3-3. Data and Error Models for the Doppler Difference Tracking

(@) DATA

Doppler difference measurements only, via TDRS East and TDRS West
Weight: 0.014 Hz
Data Rate: Six points per minute or one point per minute

(b) CONSIDER PARAMETERS

Spacecraft Consider Value Maximum Value
Parameter at Epoch in 6 Hours™
TDRS East | H (m) 0. 20.
L (m) 15. 70.
C (m) 100. _ 140,
H (mm/sec) 1. 3.7
L (mm/sec) 0. 1.5
C (mm/sec) 10. 10.
Solar Reflectivity 0.14**
TDRS West | H (m) 0. 20.
L (m) 15. 70.
C (m) 100. 140,
H (mm/sec) 1. 3.7
I:, (mm/sec) 0. 1.5
C (mm/sec) 10. 10.
Solar Reflectivity 0.14**
- Oscillator Bias (KHz) 1
Oscillator Drift Rate 10
(Hz/sec)
Station Geodetics (m) 10 (each
direction)
Drag (%) (not applied to 101
1000-km altitude target)
Geopotentials:
GM (%) 0.0001
C(2,0) (%) 0. 0007
C(3,0) (%) 0.44
C4,0) (%) 1.8

“See Section 3.2 for a discussion of the relay satellite state vector uncertainties.
**For area/mass = 0.02 m2/kg
T\Where CpA/M= 10~3 m2/kg

(c) TDRS LOCATIONS: TDRS East--303.5° east longitude; 2° inclination
TDRS West--183. 5° east longitude; 2° inclination
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NOTE: Diagram is drawn in the plane defined by the two
satellite positions and the center of the Earth.

Figure 3-1. SST Signal Geometry
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the ray path above the Earth's surface was greater than 400 kilometers. The
second criterion was never met for the 300 kilometer altitude target orbits but
afforded considerable additional visibility for targets at 1000 kilometers. For
a Doppler-difference data point to be used, the target was required to be visible

from both TDRS's.

For each orbital and tracking configuration, the computed tracking errors were
rotated into radial, along-track, and cross-track (HLC) coordinates and propa-
gated through the data span and 12 hours beyond the center of the data span.

The maximum values attained by the propagated errors were then tabulated in
order to provide an estimate of the errors that might bé expected in the produc-
tion of a 24-hour target ephemeris using the Doppler difference tracking sequence

centered in the 24-hour time period to be covered.
3.4 RESULTS OF THE DOPPLER DIFFERENCE ANALYSIS

The results of the Doppler difference error analyses are summarized in Table 3-4.
For each orbital configuration and tracking sequence, this table shows the maxi-
mum root-sum-square (rss) position error attained during the propagation span,
the dominant error source, and the direction (radial, H; along-track, L; or
cross-track, C) in which the error is most pronounced. More detailed listings
of the data configurations encountered and the computed errors are provided in
Tables 3-5 through 3-14 given at the end of this section. In addition, the rss
position errors in Table 3-4 are plotted as a function of target inclination in Fig-

ures 3-2 and 3~-3, which are also given at the end of this section.

In order to provide indications of the values assumed and the patterns traced out
by the Doppler difference measurement, Tables 3-5 through 3-14 list (to the
nearest 10-second increment) the start and end times of each of the four passes
of data used in the analysis. Although these times are listed as times of day,

their only significance lies in the intervals between them. An intermediate time
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is also included in each pass; this intermediate time corresponds to one of the

following:
1. The time at which the maximum measurement value occurs
(inclinations of 0, 30, and 60 degrees)
2, The time at which the measurement value changes sign
(inclination of 90 degrees)
3. The time at which the minimum measufement value occurs

(inclination of 120 degrees)

Also included are the measurement value corresponding to each time and the
maximum absolute rate of change undergone by the measurement during the pass.
It should be noted that the 5-minute spans of data used in some of the tracking
schedules were chosen so as to include the intermediate point listed in the data

configuration.,

The result portion of each table shows, for each tr.acking schedule simulated,

the number of data points used, the approximate time interval over which data
were taken, and the maximum position errors computed for the target in the
12-hour error propagation span. The total rss position error is shown and is
also broken down according to direction and source (noise or consider param-
eters). The directional errors are expressed as radial, along-track, and cross-
track components (HLC). The major contributing consider parameters in each

direction are also indicated.
3.5 COMPARISON WITH OTHER DOPPLER TRACKING MODES

As an indication of the effectiveness of the Doppler difference tracking compared
with standard two-way and one-way Doppler tracking, one of the tracking sched-
ules was run with all three measurement types. The configuration chosen was
60 degrees inclination and 1000 kilometers altitude, with four simultaneous
5-minute passes from each relay. The results are preseated in Table 3-15. In

the case of the standard one-way Doppler tracking, only the errors arising from
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the Doppler bias are listed; all other errors are negligible in comparison. These
large bias-induced errors are expressed in meters per hertz or bias uncertainty.
Since these bias errors may approach hundreds of hertz, it is evident that the
standard one-way Doppler is not a practicable tracking mode. However, in this
configuration, the differenced one-way Doppler produces errors comparable to

two-way Doppler tracking.
3.6 DISCUSSION OF DOPPLER DIFFERENCE RESULTS

It is apparent from Table 3-4 that a single pass of Doppler difference data is not
sufficient for orbit determination in any configuration. Since the very large

single-pass errors are dominated by data noise, it is unlikely that such a differ-
ential correction would converge unless provided with an extremely good a priori

state vector.

For data spans which include two Or more passes, errors in the 300-kilometer
altitude orbit are, in general, between 300 and 400 meters along-track, and
they arise chiefly from uncertainties in the drag coefficient. The equatorial
orbit at this altitude is also subject to cross-track errors due to both data noise
and a number of consider parameters, particularly the oscillator drift rate.
Polar orbits have restricted periods of visibility at low altitudes; such config-

urations are not recommended for this type of tracking.

Since the drag coefficient does not affect the orbits at altitudes of 1000 kilometers,
the errors are, in most cases, smaller than for the corresponding 300-kilometer
orbit. Root-sum-square errors vary between 50 and 150 meters along-track,
except in the case of the equatorial orbit, where large cross-track errors arising
from data noise and oscillator drift rate are dominant. In general, errors in

the high-altitude orbits are more sensitive to a reduction in the quantity of data
used than are those in the low orbits. This is accounted for by the fact that the
major error source for the low orbits is a dynamic parameter (drag), for which
most of the effects are accumulated during the 12-hour error propagation, while
the higher orbit is more heavily influenced by a parameter (oscillator drift rate)

which enters the problem as a perturbation in the actual data.
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Table 3-5. Doppler Difference Data Configuration and Tracking Errors for
a Target at 300 Kilometers Altitude and 0 Degrees Inclination

Data Configuration

Pass Time Measurement Maximum Change
Number (TTC) Value (ilz) Rate (llz/scc)
1 8:45:00 935635
8:50:40 101483 45.8
8:56:00 94036
2 10:22:10 93630
10:27:40 101366 45.3
10:33:10 93768
3 11:59:10 93193
12:04:50 101217 46.1
12:10:20 93515
4 13:36:20 93183
13:42:00 101061 45,6
13:47:20 93760
Rua Total Data Maximum Maximum Major Maximum
Description Number | Duration RSS Error |Cons{der Error Consider Noise
P of Poiats (hours) (meters) (meters) Parameters (meters)
- Four Complete 269 5 3an H 14 Drag 1
Passes at Six L 357 Drag 3;7
per Minute C 194 Dgiﬁtsrate, drag,
Three Complete 202 3.5 436 H 14 Drag 2
Passes at Six ' L 339 Drag 10
per Minute C 303 Drift rate, bias 42
Two Complete 134 1.75 530 H 11 Drag 5
vor Mingte | G 405 |Drif rate, blas,| 164
rate, bias
per Minute M. rel:’ws ’
One Complete 67 0.25 5510x 10° H 31 Drift rate, drag 16567
Pass at Six L 448 Dirft rate, drag | 220x103
per Minute C 10550 Drift rate 5510x 103
Four 5-Minute 124 5 384 H 17 Drag 3
Passes at Six L 373 Drag 14
per Minute c 17 Drag 74
Four 5-Minute 24 5 420 H 17 Drag 6
Passes at One L 375 Drag 32
per Minute C 195 Drag 163
Three 5-Mlinute 93 3.25 591 H 21 Drag, drift rate éé
L 373 Drag
Passes at Six C 386 Drag, drift rate,| 290
per Minute - hins
Three 5-Minute 18 3.23 694 H 20 Drag, drift rate 1‘%;
qs (¢] L 370 Drag
p“se.s at One Cc 375 Drift rate, drag, 493
per Minute bias




Table 3-6. Doppler Difference Data Configuration and Tracking Errors for
a Target at 300 Kilometers Altitude and 30 Degrees Inclination

Data Configuration

Pass Time Mcasurement Maximum Change
Number (UTC) Value (Hz) Rate (Hz/sec)
1 8:44:10 83093
' 8:49:50 90329 44,9
8:56:00 81764
2 10:21:30 79310
10:27:50 85012 14.6
10:33:50 §0071
3 11:59:40 82283
12:05:40 90577 44,3
12:11:00 84438
4 13:37:50 89270
13:43:10 95766 40.3
13:47:40 90908
Run Total Data Maximum Maximum Major Maximum
Number | Duration RSS Error |Coasider Error Consider Noise
Description .
of Points (hours) (meters) (meters) . Parameters (meters)
Four Complete 276 5 314 H 14 Drag, drift rate 1
Passes at Six L 313 Drag 5
per Minute C 24 Relays, drift 2
rate
Three Complete 216 3.5 332 H 13 Drag 2
Passes at Six L 331 Drag 8
per Minute C 20 Relays 4
Two Complete 147 2 324 H 11 Drag 4
Passes at Six é 33’3 gr*afgc . lg
. rift rate
per Mianute relays ’
One Complete 72 0.2 147 x 103 H 18 Drift rate, drag 5x10
Pass at Six L 640 Drift rate, drag | 133x10°
per Minute Cc 162 Drift rate 75 x103
Four 5-Minute 124 5 309 H 16 Drag, drift rate 3
Passes at Six L 309 Drag 14
per Minute C 23 Relays 5
Four 5-Minute 24 5 313 H 18 Drag, drift rate 6
Passes at One L 312 Drag 31
per Minute C 24 Relays :.L1
Three 5-Minute 93 3.25 384 H 31 Drag, drift rate 17
Passes at Six ' L 377 Drag 54
per Mioute C 54 Drag, drift rate 34
Three 5-lLlinute 18 3.25 390 H 28 Drag, drift rute 30
Passes at One L 371 Drag 98
per Minute C 49 Drag, drift rate 60
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Table 3-7. Doppler Difference Data Configuration and Tracking Errors for
a Target at 300 Kilometers Altitude and 60 Degrees Inclination

Data Configuration

Pass Time Measurement Maxiinum Change
Number (UTC) Value (liz) Rate (l1z/sec)
1 8:41:00 55870
8:46:00 59340 45.3
8:56:20 44391
2 10:18:30 37509
10:29:00 49633 35.8
10:37:00 42493
3 12:01:40 54008
12:10:10 65453 43.2
12:13:30 63839
4 13:43:40 83934
13:46:40 85737 19.6
13:48:20 85179
Run Total Data Maximum Maximum Major Maximum
Descrintion Number | Duration RSS Error |Consider Error Consider Noise
P of Points (hours) {meters) {meters) Parameters (meters)
Four Complete 306 5 320 H 14 Drag : 1
Passes at Six L 319 Drag 5
per Minute C. 14 Relays 1
Three Complete 277 3.5 316 H 15 Drag 1
Passes at Six L 316 Drag S
per Mioute C 14 Relays 1
Two Compleie 205 2 307 H 10 Drag 3
Passes at Six L 307 Drag 13
per Minute C 16 Relays 2
One Complete 93. 0.25 59501 H 21 Drift rate, 1599
Pass at Six L 42 . Ci, 0)."d1'38 50367
: o []
per Minute C_ 57 _|c,0), dr. rate| 7872
Four 5-3linute 120 S 291 H 16 Drift rate, drag 2
Passes at Six ’ L 290 Drag 16
per Minute C 15 Relays 1
Four 5-Minute 23 5 299 H 18 Drift rate, drag 3
Passes at One L 297 Drag, drift rate 35
per Minuie C 15 Relays - 3
Threc $-Minute 93 3.5 350 H 23 Drag 9
Passes at Six - L 348 Drag 42
per Minute : o) 15 Relays 7
Three 5-2inute 18 3.5 359 H 23 Drag, drift rate 17
Pusses at One L 352 Drag 86
per Minute C 15 Relays 13
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Table 3-8. Doppler Difference Data Configuration and Tracking Errors for
a Target at 300 Kilometers Altitude and 90 Degrees Inclination

Data Configuration

Pass Time Mcasurement Maximum Change
Number (UTC) . Value (Hz) Rate (l1z/scc)
1 8:46:50 19203
8:54:00 0 45.1
9:05:40 -22912
2 10:08:40 ~1665
10:32:00 0 44,7
10:42:30 11643
3
4
Run Total Data Maximum Maximum Major Maximum
Descrintion Number | Duration RSS Error [Counsider Error Consider Noise
P - ] of Points (hours) (meters) (meters) Parameters (meters)
Four Complete
Passes at Six
per Minute
Three Complete
Passes at Six
per Minute
Two Complele 318 2 1020 H 44 Dr. rate, relays 2
Passes at Six L 1018 Dr. 1rate, drag, 53
er ute relays
per Min C 18 Dr, rate, relays 9.5
One Complete 114 0.33 269x103 H 360 Dr. rate, relay 6254
Pass at Six "1 L 16360 Dr. rate, relays| 268x103
per Miaute (o) 323 Dr. rate, relay 6249

Four 5-)inute
Passes at Six
per Minute

TFour 5-)inute
Passes at One
per Minute

Threce 5-)linute
Passes at Six
per Mlinute

Three 5-Iliaute
Passes at Cne
per Minute
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Table 3-9. Doppler Difference Data Configuration and Tracking Errors for
a Target at 300 Kilometers Altitude and 120 Degrees Inclination
Data Configuration
Pass Time Measurement Maximum Change
Number (CTC) Value (Hz) Rate (}z/sec)
1 8:5-4:00 -50801
9:01:40 -63771 54,0
9:08:20 » =54618
2 10:16:30 -$5609
10:24:50 -59631 52.4
10:33:00 -45942
3 11:42:30 -62678
11:48:40 -71300 46.6
11:54:40 -62750
4 13:10:20 -84216
13:14:30 -88804 34.9
13:17:00 -87135
Run Total. Data Maximum Maximum Major Maximum
Description Number | Duration RSS Error |Consider Error Consider Noise
P of Points (hours) (meters) (meters) Parameters (meters)
Four Complete 302 4.5 357 H 15 Drag, GM 1
Passes at Six L 387 Drag 5
per Minute C 15 Relays, dr. rate 1
Three Complete 261 3 345 H 16 Drag 1
Passes at Six L 3 Drag 6
per Minute C 16 Relays, dr. rate 1
Two Complete 187 1.5 338 H 13 Drag 3
Passes at Six L 337 Drag 7
per Minute ) C 15 Relays 1
One Complete 87 0.25 107x103 | H 35 C,0) 5405
Pass at Six L 8 C(4,0), dr. rate| 104x103
per Minute c 155 C(4,0) 26 x103
Four 5-Minute 124 4.25 359 H 18 Drag, GM 3
Passes at Six L 353 Drag 24
per Minute C 13 Relays 2
Four 5-Minute 23 4.24 351 H 16 Drag, GM 7
Passes at One L 347 Drag 54
per Minute C 13 Relays 4
Three 5-Minute 93 2 407 H 23 Drag. GM, 14
Passes at Six drift rate .
\finute . L 399 Drag TS
per - C 19 Dr, rate, relavs 9
Three 5-2linute 18 2 414 H 22 Drag, G)M, bias 27
Passes at Cae L 390 Drag 143
per Minute C 18 Dr. rate, relays 16
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Table 3-10. Doppler Difference Data Configuration and Tracking Errors for a
Target at 1000 Kilometers Altitude and 0 Degrees Inclination

Data Configuration
Pass Time Mcasurement Maximum Change
Number (UTC) Value (liz) Rate (Hz/scc)
1 . 8:21:00 63752
8:35:00 96130 70.1
8:48:40 64776
2 10:15:10 64050
10:29:00 95994 70.8
10:42:50 64335
3 12:09:10 63632
12:23:10 95811 71.0
12:37:10 63301
4 14:03:10 63173
14:17:10 95624 71.0
14:31:20 63128
Run Total Data Maximum Maximum Major Maximum
Desecrintion Number | Duration RSS Error [Coansider Error Consider Noise
P of Poiats (hours) (meters) (meters) Parameters (meters)
Four Complete 673 6.25 252 H 10 Dr. Fate, bias, 0.3
Passes at Six L 56 Drift rate 1
per Minute C 249 D!('}-\lr'm, bias, 7
Three Complete 503 4,25 325 H 10 Dr. rate, GM, 0.3
Passes at Six L bifas
62 Drift rate 2
per Minute C 323 Drift rate 12
Two Complete 334 2,25 476 H 4 Dr. rate, GM 0.6
Passes at Six L 73 Drift rate 3
per Minute C 473 Dr. rate, bias 18
One Complete 167 0.5 64902 H 29 Drift rate 191
Pass at Six L 372 Drift rate 2064
per Minute C 9891 Drift rate 64137
Four 5-Miaute 124 5.75 115 H 8 Dgi rate, GM, 2
as
P”SL;S a: Stx L 72 |Drift rate 11
per Aiaute c 94 Dr. rate, bias 89
Four 3-Minute 24 5.75 154 H 9 Dgi rate, GM, 3
as
Passes at One L 79 Drift rate 24
per Minute o 135 Dr. rate, bias 132
Three 5-1linute 93 3.75 549 H 11 Dlz;i rate, GM, 19
as
Pass\e.s at Six i L 45 Drift rate 94
per Minute C 283 Dr. rate, hias 472
Three 3-)incte 18 3.75 230 H 12 Dg_. rate, GMM, 3
) ; ias
Pusses at e L 44 |Drift rate 169
per Jinute C 319 |Dr. rate, blas 329




Table 3-11.

Doppler Difference Data Configuration and Tracking Errors for a
Target at 1000 Kilometers Altitude and 30 Degrees Inclination

Data Coafiguration

Pass Time Measurement Maximum Change
Number (UTC) Value (Hz) Rate (Hz/sec)
1 $:19:50 567938
8:34:00 §6145 68.4
8:49:40 50175
2 10:13:30 48730
10:29:10 83210 65.6
10:44:20 51117
3 12:08:40 50593
12:24:20 86470 69.4
12:38:00 59292
4 14:04:10 60294
14:18:20 92222 69.7
14:31:20 66459
Run Total Data Maximum Maximum Major Maximum
Description Number | Duration RSS Error [Coasider Error Consider Noise
P of Points (hours) (meters) (meters) Parameters (meters)
Four Complete 707 6. 25 52 H 6 GM, drift rate, 0.2
Passes at Six bias
per Nlibnute L 47 Drift rate 1
' C 24 Dr. rate, relavs 0.4
Three Complete 543 4,25 58 H 4 GM, drift rate 0.3
Passcs at Six L 53 Drift rate 1
per JMinute C 25 Dr. rate, relays 0.6
Two Complete 366 2,5 65 H 4 Drift rate, GM 0.5
Passes at Six L 62 Drift rate 2
per Minute C 24 Dr. rate, relays 1
Oanc Complete 150 0.5 2265 H 20 Driit rate 72
Pass ut Six L 642 Drift rate 1941
per Minule C 185 Drift rate 1061
Four 5-Minute 124 5.75 112 H 15 Dxé.ﬁ'ate. bias, 2
g al Si
Pa;s\ct.s "‘: = L 109 |Dr. rate, bias 13
per iinute C 25 Relavs, dr, rate 4
Four 5-Minute 24 5.75 121 H 16 Dl'.\,fate, bias, 5
S R
Pafs\-:.: n’i One L 115 Dr. rate, bias 29
_Bm ~nute C 26 Relavs, dr. rate 9
Three 5-2linute 93 4 138 H 15 DE.\{ate, bias, 23
Pass‘e.s at Six . L 124 w0, " 67
per Hlinute c 9g Relays 16
Three S-Minute 18 4 197 H 16 Dr. rate, bias, 40
Passes at One G
Cariees L 121 Dr. rate, bias 152
per Minu:e C 26 Relays, dr. rate 85
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Table 3-12. Doppler Difference Data Configuration and Tracking Errors for a
Target at 1000 Kilometers Altitude and 60 Degrees Inclination

Data Configurution
Pass Time Measurement Maximum Change
Number (CTC) Value (Hz) Rate (llz/sec)
1 . 3:15:50 42615
8:29:10 59141 49.2
8:55:30 2339
2 10:06:40 10823
10:30:40 46541 37.1
10:50:10 22060
3 12:04:20 4374
12:29:30 65681 60,0
12:40:50 52584
4 14:07:40 57776 -
14:21:40 86440 65.4
14:31:00 74390
Run Total Data Maximum Maximum Major Maximum
Description Number | Duration BRSS Error |Consider Error Consider Noise
P of Points (hours) (meters) (meters) Parameters (meters)
Four Complete 862 6.25 55 H 7 GM, drift rate 0.2
Passes at Six L 53 Dgl rate, relays 1
Minut as
per Minute c 18 |Relavs 0.1
Three Complete 721 4.5 71 H 6 Drift rate, GM 0.3
Passes at Six L 69 Dr. rate, relays 1
per Minute c 19 Relays 0.2
Two Complete 501 2,5 117 H 8 Drift rate, GM 0.4
Passes at Six L 116 Drift rate 3
per Minute N C 18 Relays 0.3
One Complete 239 0.66 788 H 18 Drift rate 14"
Pass at Six L 641 Dr. rate, relays 458
per Minute C 21 Dr. rate, relays 84
Four 5-Minute 124 5.75 90 H 12 D:('}.ﬁ‘ate, bias, 2
Passes at Six L 87 Dr, rate, bias, 18
r
per Minute C 18 npm’l 1
Four 5-Minute 24 5.75 96 H 13 Dr. rate, bias, 5
Passes at One . 5 DS&’: . 25
. rate
per Minute C 16 Relays 3
Three 5-Minute 23 4 77 H 10 Dgiaxéate, GM, 6
Passes at Six . L 7 Dr. rate, reilays, 26
per Minute c 18 Relave as =
Three 3-)li~ute 13 JI 4 90 H 11 Dr. rate, GM, 12
‘ bias
aASS§0S 1t Lie
::::ix:n:te ' L 75 Dr. rate, relays, 52
i c 16 Relaps  0ids 1
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Table 3-13. Doppler Difference Data Configuration and Tracking Errors for a
Target at 1000 Kilometers Altitude and 90 Degrees Inclination

Data Confliguration

Pass Time Measurement AMaximum Change
Number (UTC) Value (11z) Rate (Hz/sec)
1 3:10:30 45000
§:11:20 41600
2:40:00 0 43.8
8:50:40 -28873
9:14:50 -17340
2 9:53:29 1033
10:03:10 0
}0:21:92 -7447 96.4
134048 10:«12
3 11:41:10 =31Z¢a
11:51:00 -43512
12:15:10 0 59.7
12:40:50 57213
12:14:20 26109
4 13:28:30 -66304
13:37:00 -75723 38.9
13:44:50 -66671
Run Total Data Maximum Maximum Major Maximum
. Number | Duration RSS Error |Consider Error Consider Noise
Description .
of Points (hours) (meters) (meters) Paramecters (meters)
_ Four Complete 1266 5.5 49 H 7 GM, drifi rate 0.1
_Passes at Six L 46 Drift rate 1
per Minute C 16 Relays 0.1
Three Complete 1167 4.5 58 1 7 Drift rate, GM 0.1
Passes at Six L 55 Drift rate 1
per Minute C 16 Relays 0.1
Two Complete 787 2.75 245 H 21 Dr. rate, relays 0.4
Passes at Six L 245 Dr. rate, bias 9
per Minute c 16 Relays 0.1
One Compiete 387 1 20562 H 558 Drift rate 20
Pass at Six L 20550 Drift rate 761
per Minute C 562 Drift rate 20
Fc;ur S-Minute 124 5 45 H 9 GM, bias 1
Passes at Six L 43 Dr. rate, relays 4
per Minute C 15 Relays 1
Tour 5-Miaute 24 5 46 H 9 GM, blas 2
Passes at One L 45 Dr. rate, relays 10
per Minute C 15 Relays -2
Three 5-)linute 93 3.5 75 H 7 Drift rate, GJM 18
Pas«es at Six L 51 Dr. rate, relays 55
per Minute C 16 Relays 2
Three 5-2linute 18 3.5 116 H 7 Drift rate, GM 36
Passes at One L 51 Drift rate 103
per Minute c 15 Relays 3
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Table 3-14. Doppler Difference Data Configuration and Tracking Errors for a
Target at 1000 Kilometers Altitude and 120 Degrees Inclination

Data Confliguration

Pass Time Mecasurement Maximum Change
Number (UTC) Value (liz) Rate (liz/sce)
1 £:25:20 -3310
§:50:00 -63695 74.6
9:06:00 -29334
2 10:06:00 -10203
10:25:30 -58156 64.0
10:45:50 -3345
3 11:47:30 -39707
12:02:10 -7T1651 81,7
12:20:00 ~-19259
4 13:30:00 -66975
13:41:20 -90155 75.8
13:53:00 -62239
Run Total Data Maximum Maximum Major Maximum
Descristion Number | Duration RSS Error |Coasider Error Consider Noise
P of Poinls (hours) (meters) (meters) Parameters (meters)
Four Complele 796 5.5 44 H 7 GM, drift rate 0.2
Passes at Six L 40 Dr. rate, relays 1
per Minute c 17 Relays, dr. rate; 0.2
Three Complete 656 3.75 58 H 6 Drift rate, GM 0.3
Passes at Six L 55 Dr. rate, rclays 1
per Minute C 17 Relays, dr. rate 0.2
Two Complete 160 2,25 73 H 8 Drift rate, GM 0.4
Passes at Six L (¢ Dr. rate, bias, 2
- Minut relays
per Minute c 17 Relays, dr. rate 0.2
Ouc Complete 221 0.5 1596 H 18 Dr. rate, C(t,0) 80
Pass at Six L 631 Dr. rate, C{4¢,0) 1426
per Minute C 67 Dr. rate, C(4,0) 346
Four 5-Minute 124 5 84 H 14 GM’: bias, drift 3
rate
Passecs at Six L 81 Dghgate. GM, 19
per Miouie C 15 Relavs, dr. rate 2
Four 5-Minute 24 5 83 H 13 GM, Dbias, drift T
Passes at O rate
asses 2 Une L 74 Dgift rate, Gm, 38
per Minute C 15 Relays, dr. rate 2
Thrce 5-)inute 93 3.5 98 1§ 15 Gg_I, drift rate, 13
. : ias
P?"?S\LI.S at Six . L 83 Dr. rate, bi:(ts\,I 50
per Minate C 15 Relays o il
Three 5-1Ninute 18 3.5 125 H 13 Ggir, drift rate, 26
as
P“Ss\?s at Cne L 75 |Dr. rate, bias, 97
per Miuute c 15 Relavs : 18
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NOTE: The discontinuity in some of the curves around 90 degrees
inclination reflects the fact that only two consecutive passes
may be taken for such a target.
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SECTION 4 - CONCLUSIONS

This preliminary study of the Doppler difference method of processing one-way
transmissions from user spacecraft via TDRSS indicates that it is capable of
effectively determining user ephemerides in many configurations. User orbits
for which the method is not recommended include low polar or near-polar orbits,
which have severly restricted visibility for long periods of time, and equatorial
orbits, for which the measurement type is extremely insensitive to cross~-track
motion. The latter effect may be reduced by relay satellite inclinations greater
than the 2 degrees assumed in this study. In addition, it is apparent that the
method is not appropriate for processing very short spans of data; at least two
passes of the user spacecraft are necessary for an effective state vector deter-

mination.

Within these limitations, the Doppler difference measurement has the advantage
of providing essentially automatic tracking of users relaying telemetry via the
Multiple Access facility without requiring use of signals from the ground. It
also eliminates most of the error arising from unknown biases in the user's os-
cillator frequency. However, its use will impose additional requirements on the
user's antenna, which must be capable of transmitting simultaneously to both

relay satellites.

1-1



REFERENCES

Computer Sciences Corporation, CSC/TM-76/6159, Data Processing and
Error Analysis for Satellite-to-Satellite Tracking via the Applications
Technology Satellite-6 (ATS-6) and the Tracking and Data Relay Satellite

System (TDRSS), C. Ayres and G. Rosenblatt, September 1976




